Ternary rare-earth osmates Ln 3 OsO 7 (Ln = Pr, Tb) have been prepared. They crystallize in an orthorhombic superstructure of cubic fluorite with space group Cmcm. Both of these compounds undergo a structural phase transition at 130 K (Ln = Pr) and 580 K (Ln = Tb). These compounds show complex magnetic behavior at low temperatures. Pr 3 OsO 7 exhibits magnetic transitions at 8 and 73 K, and Tb 3 OsO 7 magnetically orders at 8 and 60 K. The Os moments become one-dimensionally ordered, and when the temperature is furthermore decreased, provokes the ordering in the Ln 3+ sublattice that simultaneously becomes three-dimensionally ordered with the Os sublattice.
Introduction
Ternary metal oxides of general formula Ln 3 MO 7 (Ln is a rare earth element; M is a pentavalent transition element such as Nb, Mo, Ru, Sb, Ta, Re, Os, or Ir) have been intensively studied, because of their one-dimensional structural features and possible magnetic properties. They have an ordered, defect-fluorite structure. The relationship to the fluorite structure is as follows. The fluorite unit cell for oxides has the composition M cubes also form a one-dimensional chain through edge-sharing. Many studies have been performed , especially for the magnetic properties of compounds containing Ru 5+ ion at the M-site because of its largest possible spin (S = 3/2) [5] [6] [7] [8] [9] [10] [11] [12] .
Another topic for Ln 3 MO 7 compounds is that detailed magnetic and thermal investigations on the ruthenium-, iridium-and osmium-containing members of the Ln 3 MO 7 family show low-temperature structural phase transitions [8-10, 12, 13, 18, 22, 25, 26, 29-34] .
We have paid our attention on the M = Os compounds. IJdo et al. first reported the preparation, structures and magnetic properties of polycrystalline samples of Ln 3 OsO 7 (Ln = Pr, Nd, Sm) [17] . These compounds crystallized in an orthorhombic phase with space group Cmcm from their powder X-ray diffraction measurements, and Ln = Nd and Sm compounds exhibited complex magnetic behavior at low temperatures. Later, Greedan et al. prepared La 3 OsO 7 and reported the presence of the evidence for long-range antiferromagnetic ordering at 45 K [11] . Recently zur Loye's research group prepared single crystals of Ln 3 OsO 7 (Ln = Sm, Eu, Gd) and performed their X-ray diffraction measurements [18] . They observed that these compounds undergo a structural phase transition from space group Cmcm to P2 1 nb and exhibit complex magnetic behavior below 50 K.
In this study, we prepared Ln 3 OsO 7 (Ln = Pr, Tb) without using oxygen donor reactants. Through their magnetic susceptibility, specific heat and differential scanning calorimetry (DSC) measurements, we observed an antiferromagnetic transition at 73 K (Ln = Pr) and 60 K (Ln = Tb), and a phase transition at 130 K (Ln = Pr) and 580 K (Ln = Tb). In this paper, the preparation, structures, and magnetic properties of these compounds will be presented.
Experimental

Sample preparation
Rare earth oxides Figure 3 shows the X-ray diffraction profiles of Tb 3 OsO 7 measured at various temperatures. We performed the Rietveld analysis for the X-ray diffraction data above 580 K with space group Cmcm.
The results show that the refinement for the diffraction data was successful with the space group Cmcm and that a very small amount of the pyrochlore Tb 2 Os 2 O 7 was contained in the product. Figure 4 shows the X-ray diffraction profiles of This increased buckling of the Os-O(3)-Os angle with decreasing the size of the Ln ion is due to the shortening of the c-axis, which is observed for other Ln 3 MO 7 compounds.
With decreasing temperature, some additional diffraction lines which cannot be fitted with Cmcm appear (for example at 2 = 28.9, 33.3, 48.2, and 56.9, see Fig. 3 ). We consider that these extra diffraction lines originate from a low-temperature phase.
Gemmill et al. reported that Ln 3 OsO 7 (Ln = Sm, Eu, Gd) compounds undergo a structural phase transition from space group Cmcm to P2 1 nb with decreasing temperature [18] . We tried to analyze the X-ray diffraction data measured at room temperature with the P2 1 nb model. All the reflections observed could be indexed, as shown in Fig. 5 . Figure 6 illustrates the crystal structure of [45] .
In order to determine the structural phase transition temperature of Tb 3 OsO 7 , we performed its DSC measurements in the temperature range between 350 and 700 K. These changes correspond to the results by the DSC measurements, i.e., the structural phase transition has occurred at ~ 580 K. Figure 9 shows the temperature dependence of the magnetic susceptibility for Pr 3 OsO 7 . A clear divergence between the ZFC and FC susceptibilities has been observed below 73 K. Below this temperature, the FC susceptibility rapidly increases with decreasing temperature, and reaches a maximum at 28 K. Below 4.7 K, the FC susceptibility turns to increase with decreasing temperature.
Magnetic properties 3.2.1. Magnetic properties of Pr 3 OsO 7
The ZFC susceptibility also increases with decreasing temperature, but the increment of the ZFC susceptibility against temperature drastically changes at 73 and 22 K. It seems that another magnetic anomaly is observed at 8 K. The inset of Fig. 9 shows the temperature dependence of the d(χ M T)/dT. A great change has been found at 8 K for both the ZFC and FC susceptibility data. with the results by the magnetic susceptibility, i.e., a magnetic transition has occurred at this temperature. The λ-type specific heat anomaly observed at 8 K seems to correspond to the anomaly found in the ZFC and FC susceptibilities at the same temperature, indicating the occurrence of another magnetic transition at this temperature. We consider that the Os moments become one-dimensionally ordered at 73 K, and when the temperature is furthermore decreased, provokes the ordering in the Ln 3+ sublattice that simultaneously becomes three-dimensionally ordered with the Os sublattice at 8 K.
Similar magnetic behavior has been reported for Nd 3 OsO 7 , i.e., two magnetic anomalies are observed at ~10 and 75 K [17] . Figure 11 depicts the temperature dependence of the reciprocal susceptibility of Pr 3 OsO 7 , and the Curie-Weiss fitting in the temperature range of 100 and 400 K. The effective magnetic moment of [17] . That is, the contribution of the Os 5+ ions to the effective magnetic moment of Pr 3 OsO 7 is small, which has been observed in some Os-containing compounds [17, [37] [38] [39] [40] [41] [42] .
The negative Weiss constant of Pr 3 OsO 7 ( = -39.9 K) indicates that the magnetic interaction observed at low temperatures is antiferromagnetic. Figure 12 shows the magnetic susceptibility vs temperature curve of Tb 3 OsO 7 in the temperature range between 1.8 and 300 K. The ZFC and FC susceptibilities begin to diverse when the temperature is decreased through ca 60 K. At 26 K, the temperature dependence of the ZFC susceptibility shows a steep maximum. On the contrary, the FC susceptibility shows a clear click at the same temperature.
Magnetic properties of Tb 3 OsO 7
When the temperature is furthermore decreased, a clear antiferromagnetic behavior has been observed for both the ZFC and FC susceptibilities at 8 K. A very small anomaly found at 2.4 K in the ZFC susceptibility-temperature curve is due to the antiferromagnetic ordering of an impurity Tb 2 O 3 (a starting material) with the C-type structure [43, 44] . Figure 13 shows the temperature dependence of the in-phase and out-of-phase magnetic susceptibility for Tb 3 OsO 7 in the temperature range of 1.8-100 K. When the temperature is decreased below 60 K, both the in-phase and the out-of-phase susceptibilities change with the frequency. There appear two maxima at 8 and 28 K in the in-phase susceptibility vs. temperature curve. The temperature of the maximum ac susceptibilities for Tb 3 OsO 7 appears to be independent of the frequency, indicating that the transition is not a transition to a spin-glass state. Figure 14 shows the temperature dependence of the specific heat (C p ) for Tb 3 To check the existence of the ferromagnetic moment, the remnant magnetization measurements were performed. Figure 16 shows that the weak ferromagnetic moment of Tb 3 OsO 7 completely disappears when the temperature is increased above ca 60 K. That is, the antiferromagnetic interactions at low temperatures have a weak ferromagnetic component. Table 2 .
Structural phase transition
The results of the specific heat measurements show that Pr 3 OsO 7 undergoes a structural phase transition at 130 K (see Fig. 10 ). DSC measurements for Tb 3 OsO 7 show that the structural phase transition occurs at 580 K (see Fig. 7 ). [20] . Figure 18 shows the variation of the structural phase transition temperatures for a series of 
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